Abstract -We monitored a population of Carolina Hemlocks in northwestern North Carolina for four years to examine the rate and pattern of decline in response to infestation by Adelges tsugae (Hemlock Woolly Adelgid). Our yearly census of hemlock condition and severity of the adelgid infestation included trees of all sizes. We estimated declines in condition as the portions of the leaf canopy that were lost. Initially, infestation occurred throughout the population but was severe in only a small cluster of individuals. Within 1 year, the area of severe infestation increased in size to encompass 48% of the population. In another region of the population, there was a cluster of relatively healthy individuals comprised largely of seedlings. Of the 4 size-classes of trees, sapling-sized individuals experienced the highest rates of decline in condition. Most trees declined to poor health within 3 years of an observation of moderate to severe infestation.
Introduction
With the exception of upper Piedmont outlier populations, Tsuga caroliniana Engelm. (Carolina Hemlock) is endemic to the Blue Ridge physiographic province of the southern Appalachian Mountains from southwestern Virginia to northern Georgia (Jetton et al. 2008 , Rentch et al. 2000 . While in some areas, the 2 hemlock species of eastern North America-Carolina Hemlock and Tsuga canadensis (L.) based molecular data suggest a closer relationship of Carolina Hemlock to Asian hemlocks than to Eastern Hemlock , LePage 2003 , Pooler et al. 2002 . Ecologically, Carolina Hemlock tends to inhabit drier and more exposed sites, such as rocky ridges overlain by acidic, sandy clay loam soils, than the shaded lowlands and moist coves preferred by Eastern Hemlock (Jetton et al. 2008) .
Few studies have examined Carolina Hemlock population and community structure. At 2 locations where age structure was analyzed using tree cores-Bluff Mountain, Ashe County, NC, and Bottom Creek Gorge, Montgomery County, VAsome trees exceeded 30 cm diameter at breast height (dbh) and 220 years of age (Humphrey 1989 , Rentch et al. 2000 . There was a linear relationship between tree diameter and age at both locations. However, the pattern of seedling recruitment and the population age structure varied widely across populations. For example, populations at Linville Falls, NC, and 3 sites examined at Bluff Mountain had negative exponential age-class distributions characteristic of stable age distributions (Humphrey 1989 , Levy et al. 2008 . In contrast, the population at Bottom Creek 1 37614. 2 Gorge had a normal age distribution with a relative dearth of seedlings. Similarly, seedlings were absent or rare at 2 sites in eastern Tennessee (Levy et al. 2008 ). These studies pre-dated major impacts and loss of Carolina Hemlock trees due to Adelges tsugae Annand (Hemlock Woolly Adelgid [HWA]) infestations.
Whereas many studies have focused on the impact of HWA on Eastern Hemlock, relatively little quantitative information exists for impacts on Carolina Hemlock. The exception was a baseline study of HWA impacts on Carolina Hemlock in western North Carolina and eastern Tennessee in which each of 4 populations showed a spatial pattern of infestation and hemlock decline characterized by 1 or more clusters of diseased trees and clusters of healthy trees (Levy et al. 2008) . Although congeneric with Eastern Hemlock, the rate and pattern of decline in response to HWA may differ between the species because Carolina Hemlock in the southern Appalachians tends to inhabit drier, more nutrient-poor sites (Humphrey 1989 , Jetton et al. 2008 . Further, the geographic range of Carolina Hemlock is largely restricted to the southern Appalachians, a region where decline in Eastern Hemlock has been most severe (Evans et al. 2011) . The impending loss of natural populations of Carolina Hemlock and the paucity of quantitative information on population structure and HWA impacts will impede conservation planning and management efforts, including setting re-introduction targets.
The goal of this study was to examine the rate of Carolina Hemlock decline and the pattern of spread of HWA in a multi-year analysis of a single population. This approach was feasible because the study population was relatively small, with less conducted annual monitoring and assessment of hemlock tree condition and HWA observed in the population.
Field Site Description
We selected a population of Carolina Hemlock where we could conduct annual demographic monitoring from 2007 to 2010. The population is adjacent to the Fod--tion (Fig. 1) . Slopes on the ridge are negligible. The site is within the jurisdiction of the Blue Ridge Parkway and is located near Milepost 241. The overstory of the site is dominated by Carolina Hemlock with minor representation by Quercus montana Willd. (Chestnut Oak), Acer rubrum L. (Red Maple), Nyssa sylvatica Marshall (Blackgum), and Oxydendrum arboreum dense, few other woody species are present in the overstory or the understory. The census population varied from 101-138 individual Carolina Hemlocks, with differences in numbers largely dependent upon seedling turnover. The maximum dbh of of age based on the linear regression of age on dbh in Rentch et al. (2000) or to ap-The study terminated when the infestation had progressed to the point where 1 tree had died and access to the site was limited by multi-year closure of the Blue Ridge Parkway for repairs.
Methods

Population census
We conducted a population census in early September each year, from 2007-2010. To assess spatial structure in the population, we noted the location of each individual as x-axis coordinates along a 100-m transect that followed the spine of the ridge, with y-axis coordinates extending perpendicular to the transect for a maximum of 20 m on either side. This transect captured all Carolina Hemlocks except those on steep slopes off the ridge. Trees included in the census accounted for >90% of the individuals in the population that were larger than 1 m in height. This estimate was based on visual inspection to identify unsampled larger individuals, -ling density were present in unvisited areas on steep slopes. No Eastern Hemlocks were present in the immediate vicinity.
We recorded the following data for each individual: spatial location as x and y coordinates, height, dbh, and 3 indicators of disease-tree condition, number of of the tree with healthy foliage, scaled in 20% increments. For ease of interpretation, we will refer to these categorical numerical values, ranging from high to low, as excellent, good, fair, poor, and near dead. The scale is similar to ones used in comparable studies (Eschtruth et al. 2006 , Evans et al. 2011 , Orwig and Foster 1998 , Rentch et al. 2000 , Royle and Lathrop 1997 . We determined the number of quadrants of a tree infested based on a visual examination for HWA egg cases on accessible foliage in each of the cardinal directions. We scored the observation of any HWAs in the quadrant as positive regardless of density; the scale range was 0-4 quadrants. Infestation density was a visual estimate based on the density of egg cases graded on a 4-point scale with zero corresponding to no egg cases and interpretation, we will refer to these categorical numerical values ranging from no infestation to dense infestation as no, light, moderate, and heavy infestations. We made our HWA estimates with the understanding that HWA distribution varies with tree-crown position (Evans and Gregoire 2007) . As a group, the 3 disease-indicator traits provided estimates of the magnitude and distribution of insects on the tree and of the tree's overall condition. Two researchers assessed these 3 variables independently. In most cases, the results of separate assessments were identical. For those assessments that were not in agreement, values usually differed by no more than 1 scale unit, in which case consensus was arrived at after re-examination. When multiple researchers examined satellite images to assess canopy condition, separate assessments had a similar level of precision (Royle and Lathrop 1997) . In the few instances where assessments differed by more than one scale unit, we conducted reassessments until we reached consensus.
Data analysis
We employed 2 approaches to understand spatial structure of the HWA infestation and the condition of Carolina Hemlocks, each applied to tree-height data and to data from each census year separately for each of the 3 disease-indicator variables. Tree height and dbh were strongly correlated (Pearson correlation coef-P = 0.001). We used only tree height in our analyses because height data included all individuals, whereas dbh omitted those shorter than breast height. First, we conducted spatial autocorrelation to examine population-wide patterns of similarity by using Moran's I statistic as implemented with Spatial Analyses in -provide insight into the magnitude and sign of autocorrelations at different distances. Second, we conducted cluster analysis based on the scan statistic as carried out using SaTScan software to examine patterns of local aggregations (Kulldorff and of the population. In regard to HWA infestation, this approach generates clusters of relatively more or less infested individuals, and for tree condition, clusters of individuals in relatively better or poorer condition, hereafter referred to as health or disease clusters, respectively. We based analyses on an ordinal model with 1000 -termine whether any size class was more common in the cluster compared to the 2 x 2 contingency tables in which rows corresponded to the individuals either in or out of the cluster and columns represented the size class of interest versus individuals in all other size classes.
We conducted analyses of frequencies using Fisher's exact tests to determine indicator. First, all years were compared in a single analysis followed by pairwise comparisons of years. Separate analyses were conducted for each of the three disease indicators. For each year and each disease indicator, we also used exact tests to assess differences in the distribution of responses among height classes.
of height and transect location on disease. Separate analyses were conducted on each of the 3 disease indicator variables for each of the 4 census years. Predictor variables were x and y coordinates and tree height class. Heights were aggregated the caveat that Carolina Hemlocks can withstand long periods of time as slowgrowing understory plants, these height categories broadly correspond to, and for convenience are referred to, as seedlings, saplings, small trees, and large trees, respectively. We treated tree height class and each of the disease indicators as categorical variables and the transect x and y coordinates as continuous variables.
Results
with a broad base comprised of 78 seedlings representing 48% of the population. Larger size classes each had progressively fewer individuals: 38 saplings (23%), 28 small trees (17%), and 20 large trees (12%). At the onset of the study in 2007, impacts from HWA were minor: 68% and 30% of individuals were in excellent -spectively; and 34% and 21% had 0 or 1 quadrant infested, respectively (Table 1, Fig. 2 ). The 2 infestation indicators peaked in 2008 and then declined in each of condition (Fig. 2) . Each year, seedlings had the highest proportion of individuals in excellent condition, while saplings tended to have the highest proportions in fair and poor condition (Fig. 3) .
For each of the 3 disease indicators, the distribution of individuals among the years were considered together (P < 0.001 for each analysis). Similarly, each year Table 1 . Characteristics of the entire population and disease and health clusters for three disease-indicator traits over four years: tree condition (ex = excellent, gd = good, fr = fair, pr = poor); infestation density (no = none, lt = light, mo = moderate, hv = heavy); and quadrants infested (0-4 scale). All n = number of individuals, Med = median. tree height classes (P < 0.001 for each analysis) (Fig. 3 ).
An examination of individual tree responses to disease can provide insight into m tall individual that began the study in the good condition class but each year dropped 1 condition class and was deceased by 2010. Seventeen trees declined from excellent to fair condition, a group that included individuals of all size classes except large trees. Only 6 of these declining trees had moderate to heavy infestations prior to reaching the fair condition class. Sixteen trees progressed to poor condition, 9 from excellent and 7 from good condition; 11 of the 16 were saplings.
sized individuals, and 1 large tree that was most isolated from the remainder of the population. We observed no HWA on that tree nor on 2 of the seedlings at any time.
poor ) from 2007-2010.
Spatial patterns
Spatial autocorrelation. in tree height among pairs of individuals at the farthest distance class (Moran's I = 0.37, P = 0.03). Thus, individuals farthest from each other were likely to be similar in height, an effect largely caused by some large trees at both ends of the transect. The far-distance effect disappeared when 3 large trees that were relatively isolated at the southeast end of the transect were removed from the analysis. Spatial autocorrelations for disease-indicator traits were not sensitive to the presence or absence (Table 2) . Seedlings represented 76-91% of the individuals in these clusters. In 2009, there was a cluster that had nearly equal representation of seedlings and saplings, and in 2010, there was a cluster dominated by saplings with lesser representation of small and large trees and an absence of seedlings (Table 2) .
Cluster analysis of tree condition. was detected (Fig. 4) . Over the 4 census years, the percentages of trees in excellent P cluster mean; n = number of individuals in the cluster; SEM = standard error of the mean. the population as a whole, which declined from 38% and 30% in excellent and good conditions, respectively, to 18% and 32%, respectively. The differences in the rates -tion medians and modes (Table 1 ). The disease cluster was numerically dominated by saplings and remained in a relatively stable location throughout the duration of the study, but its size increased dramatically in 2008 before returning to lower levels for the 2 ensuing years (Fig. 4) . Over the 4 census years, saplings represented
Mean
The differences in sapling frequencies between the cluster and the remainder of the P < 0.03 each year).
2009, but returned and was present in a similar location in 2010 (Table 2 , Fig. 4 ). Seedlings comprised 100% and 79% of this cluster in 2008 and 2010, respectively, during which time seedlings comprised 38% and 42% of the population, respec--pared to the remainder of the population (P < 0.0001 each year).
There was overlap in membership in the condition and height clusters. For example, 96% and 100% of the individuals in the 2008 and 2010 health clusters, respectively, were encompassed in the seedling-dominated height clusters present in those years, but the height clusters also included several individuals that were not part of the health cluster (Table 1) . Similarly, in 2009, 77% of the individuals in the disease cluster were part of the seedling and sapling-dominated height cluster, and in 2010, 80% of the individuals in the disease cluster were members of the no seedlings height cluster (Table 2) .
Cluster analysis of infestation density. In 2007, there was a cluster of uninfested to lightly infested individuals comprised of 13 seedlings and 4 large trees (Table 1) (Table 1) . Saplings comprised 17 of the individuals in this group that included only two seedlings and two mature trees. Of the 27 individuals with heavy infestations, 10 eventually declined to poor condition and another 10 to fair condition.
Cluster analysis of quadrants infested. After an absence of clusters for quadrants infested in 2007, in 2008 there was a cluster of 29 individuals with high numbers of quadrants infested (Table 1 ). In 2009, there was a small cluster of 11 individuals with relatively few quadrants infested comprised exclusively of large trees and located at the southeast end of the transect.
Rate of Decline. Rates of decline were not uniform among individuals in differ-as evidenced by the highest rate of decline in condition among size classes (Fig. 3) . Moreover, saplings comprised a disproportionate share of the individuals in the disease cluster. For example, in 2008 when the disease cluster was at its maximum condition and infestation density for 2008-2010, but in each of those years, there for height class and the height class by x-axis interaction. The interaction shows that the magnitude of the disease indicator traits was dependent upon both the location of an individual and its size. Neither position on the transect y-axis nor any of any year.
Discussion
1981), a narrow geographic range and a specialized habitat preference, Carolina Hemlock is likely more prone to local and global extinction than the more Hemlock populations, which occur along ridges and outcroppings, tend to be more discrete and more isolated from each other (Humphrey 1989 , Jetton et al. 2008 , Rentch et al. 2000 . Thus, for the third characteristic of rare species, low population density (Rabinowitz 1981), populations of Carolina Hemlock are often relatively small compared to the extensive areas dominated by Eastern Hemlock. In regard to disease, population isolation may decrease the transmission of pathogens from other populations, but once established, small population dynamics may lead to more rapid loss of population viability. Aside from seedlings, only one individual died over the 4-year duration of the study. While no individuals progressed from excellent to poor condition, many declined from good to poor condition in as little as 3 years. At these rates of decline estimate is greater than the 2-4-y time to death cited previously for Carolina Hemlock (Jetton et al. 2008 ), but it is consistent with the 7-y time span from infestation to mortality reported for Eastern Hemlock near the southern extent of the range (Ford et al. 2012 ). Very few plants other than seedlings remained HWA-free or in excellent condition, but as disease progressed in a non-random spatial pattern, at less infested compared to the remainder of the population. example, in 2008, when the disease cluster was at its maximum size (Fig. 4) , sapmore rapid impacts on smaller trees were similarly observed in Eastern Hemlock where suppressed, smaller trees declined more rapidly compared to canopy trees Park, a similar process leading to weakened individuals in the low canopy may strategy based on soil application of chemical pesticides, the sapling size class is logistically easiest and relatively inexpensive to treat, and if trees of this size are healthy with a full canopy (rather than weak from suppression) and are treated early in an infestation, they are more likely to respond to treatment than large trees (Webb et al. 2003) .
in healthier condition. We noted the presence of new seedlings each year, a pattern that suggests on-going reproduction and recruitment rather than the episodic pattern noted in other populations (Humphrey 1989 , Rentch 2000 . Moreover, seedlings dominated the clusters of healthy individuals. For example, the health cluster of 2010 included 19 of 24 seedlings (79%) while seedlings represented only seedlings-3 large trees were also part of the 2010 health cluster. Seedling-sized individuals appeared to be the least likely size class to experience severe infestations, in part because there was some seedling turnover each year, with deaths and new recruitment. While studies of hemlock decline rarely report seedling condition, abundance of Eastern Hemlock seedlings at sites in NJ and PA increased after et al. 2006). In riparian sites across the range of Eastern Hemlock, seedling density Carolina populations surveyed (Evans et al. 2011) .
Population age structure can provide insight into the history of populations, but this information was also deemed important to Carolina Hemlock gene conservation efforts (Jetton et al. 2008) . Each of the limited number of populations of Carolina Hemlock for which age or size structure has been studied included relatively old trees (>100 years of age; Humphrey 1989, Rentch et al. 2000) . However, age structure among these populations may vary widely and range from a relative dearth or absence of seedlings to a preponderance of seedlings. At Bluff Mountain, NC, clumps of even-aged individuals suggested episodic recruitment, but the age structure at 3 of 4 sites indicated populations were stable (Humphrey 1989) . Whereas no seedlings were found at Bottom Creek Gorge, VA, and the tree size distribution was nearly normal, that population was also thought to undergo episodic recruitment and was considered stable (Rentch et al. 2000) . A more recent study of Carolina Hemlocks showed 2 populations in eastern Tennessee with an underrepresentation of seedlings and 2 populations in western North Carolina with stable size distributions (Levy et al. 2008) .
Even before major declines in Carolina Hemlock populations were noted, both HWA infestation and hemlock decline occurred in foci rather than randomly in increased rapidly over time but the cluster then disappeared (Table 1) . In contrast, -cant cluster for the duration of the study. It should be noted that cluster detection is a relative metric. Thus, while the condition of trees in the disease cluster continued to decline, the reduction in cluster size was not caused by a reversal of disease but was most likely a consequence of a trend to declining health across the remainder of the population. At the time that the disease cluster reached maximum size in 2008, a cluster of relatively healthy plants appeared in a different region of the population, and this cluster was again apparent 2010 (Table 1, Fig. 4) .
As hemlocks decline, sectors of their canopies are lost, which reduces a decrease in food quality is the likely cause of the decline in the HWA population. Hence, changes in the hemlock hosts may account for the rapid increase and then the rapid decline in the magnitude of the infestation density and size of the infestation cluster. As HWA became widespread and reached high densities in the population, previously unimpacted trees began to experience decline. Thus, as the conditions of trees outside the disease cluster approached those within the cluster, the cluster appeared to shrink in size, but the population as a whole continued to decline. Rates of hemlock decline cannot be estimated from examinations of populations at single time points (Evans et al. 2011 , Levy et al. 2008 . However, in a detailed long-term study of Eastern Hemlock initiated prior to HWA infestation, the rate of decline of Eastern Hemlock was evaluated over a 10-year period at two al. 2006). After initial detection of HWA, there was a lag of several years before percentage of trees that died or showed severe decline increased approximately those 2 condition categories remained below 10% for the duration of the study. While the rate of decline may have both site-specific and species-specific components, the effects of different site characteristics on decline are not clear (Rentch et al. 2009 ). Rather, levels of infestation were the most accurate predictors of decline (Rentch et al. 2009 ).
Landscape-scale analyses, such as those based on data from remote sensing, have been used to document changes in canopy cover and differences among sites experiencing hemlock decline (Koch et al. 2006, Royle and Lathrop 1997) . In combination with spatial autocorrelation analysis, this approach showed populations in proximity tended to be similar in levels of infestation and decline in condition (Orwig et al. 2013 ). However, a more detailed ground-based evaluation of individuals is usually necessary to uncover patterns of disease progression within populations.
tation and disease within a population. Thus, pattern analysis at both the landscape and population level may be useful and complementary in guiding management strategies (Vose et al. 2013) .
